Abstract Objectives: To evaluate left atrial (LA) function using speckle tracking based strain (SPTS) in systolic heart failure (SHF) patients. Background: LA changes occur in patients with SHF and LA enlargement is commonly found by echocardiography. New speckle tracking based strain can be used to detect left atrial changes in SHF. Materials and methods: Forty patients with clinical (SHF), EF < 40%, NYHA class II-IV and normal sinus rhythm were compared with twenty-five age and sex matched healthy controls. Conventional echo was done where the LV dimensions, volumes, EF, wall thickness & LA diameter were measured. LA total emptying, passive and active volumes & fractions were calculated in both apical 4 & 2 chamber views. Peak atrial longitudinal strain (PALS), Peak atrial contraction strain (PACS), LA strain at the end of LA contraction (Post-A strain) and LA contraction systolic index (LA CSI) were calculated from each LA wall. LV global strain (LVGS) was measured in apical 4, 2 and 3 chamber views and was averaged. Results: SHF patients had significantly higher LA diameter volumes but lower LA fractions, Also, there were significantly lower LA PALS, PACS, Post-A and higher LA CSI, however, the LA strain parameters were negatively correlated with the NYHA class and positively correlated with LV global strain. Conclusion: In patients with SHF, LA function is significantly reduced. Moreover, LA reservoir & booster pump function correlate negatively with heart failure symptoms and positively with LV global strain.
Introduction
Heart failure (CHF) is a disease condition that is increasing in prevalence and is associated with significant morbidity and mortality. The prevalence of systolic and diastolic heart failure increases with advancing age between 5% and 10% in all subjects beyond the age of 60 years. 1 Atrial function in a close interdependence with left ventricular (LV) function plays a key role in maintaining an optimal cardiac performance.
Left atrium (LA) modulates LV filling through its reservoir, conduit and booster pump function, whereas LV functions influence LA function throughout the cardiac cycle. The LA can act to increase LA pressure (in significant atrial disease) and can react to increased LV filling pressure (in significant ventricular diseases). LA remodeling is related to LV remodeling and LA function has a central role in maintaining optimal cardiac output despite impaired LV relaxation and reduced LV compliance. 2 Strain is a measure of deformation and strain rate is a rate of such deformation. Strain echocardiography has been the most widely used tool to evaluate the ventricular myocardial mechanics in the field of echocardiography during the last decade. 3, 4 Since the normal longitudinal, LA strain values were first described in 2006, recent studies have suggested that LA strain or strain rate can be measured either by a Tissue Doppler image or 2 dimensional (2D) speckle tracking image based echocardiography and these measurements are useful tools to evaluate the global or regional LA function. 4 Speckle-tracking echocardiography (STE) is a new noninvasive ultrasound imaging technique that allows an objective and quantitative evaluation of global and regional myocardial function independently from the angle of insonation and from cardiac translational movements. 5 Although STE technique was introduced for the exclusive analysis of LV function, several studies have recently extended its applicability to other cardiac chambers, such as the LA. 6 The atrial longitudinal strain, deriving from the application of the analysis of myocardial deformation using STE, atrial chambers is considered the first parameter useful for functional analysis of the LA and they present considerable feasibility and reproducibility. 7 The objective of this study was to assess the LA mechanical changes in systolic heart failure patients by using the speckle tracking based strain imaging.
Patients and methods
The study included forty patients with clinical manifestation of SHF and 25 apparently healthy individuals with age and sex matched to the patient group (control group). All participants provided an informed consent and the study protocol was approved by the institutional ethics committee.
Inclusion criteria: Patients with clinical manifestation of systolic heart failure NYHA (II-IV), EF < 40 and with maintained sinus rhythm.
Exclusion criteria: Patients with recent acute coronary syndrome in the least 6 months, any rhythm other than sinus rhythm, patients with significant valvular lesions, congenital heart diseases and those with poor echocardiographic windows were excluded.
Conventional Echocardiography
Echocardiographic examination was done using the commercially available Vivid 9, (General Electric Healthcare, Vingmed, Norway) equipped with a 1.7-4 MHz phased-array transducer. Echocardiographic imaging was obtained in the parasternal long, short-axis, and apical two, three and fourchamber views using standard transducer positions. LV dimension, wall thickness, ejection fraction (EF%) by Simpson method, and LA Antero-posterior diameter by M. Mode in a long Para-sternal view were measured in accordance with the recommendations of the American Society of Echocardiography. 8 LA volumes were measured using the area-length method from apical four and two-chamber views, according to the guidelines of the American Society of Echocardiography. LA volume at end systole (Max AV), end diastole (Min AV), and preceding atrial contraction (V Pre-A) in both apical four and apical two chamber views. Volumetric assessment of LA function was calculated by the following formulae in apical four-and two chamber views. Apical four, two and three chamber views were obtained using conventional 2-D gray scale echocardiography. During breath hold with a stable ECG recording and 2-D sector width was adjusted to include LV and LA. Three consecutive cardiac cycles were recorded and were averaged and the frame rate was set between 60 and 80 frames per second.
Left atrium strain by speckle tracking echocardiography
The endocardial surface of each LA wall; septal, lateral walls, (A4C view), anterior and inferior walls (A2C view) were manually traced by a point-and-click approach and the epicardial surface tracing was then automatically generated by the system. After manual tracing, the software automatically divides each wall into 3 segments (apical, mid and basal).
During the reservoir phase, the LA fills up, stretches itself, and for this reason the atrial strain increases, reaches a positive peak at the end of atrial filling, before the opening of the mitral valve (peak atrial longitudinal strain PALS). After the opening of the mitral valve, LA empties quickly and shortens, The strain decreases up to a plateau corresponding to the phase of diastasis, followed by a second positive peak, but less than the first, which corresponds to the period preceding the atrial contraction, (peak atrial contraction strain, PACS occurs just before P wave on surface ECG). This second positive deflection of the atrial strain curve, corresponding to atrial systole, is present only if the subject analyzed presents sinus rhythm and finally a negative peak after the atrial contraction (Post-A, occurring after P wave on surface ECG) (Figs. 1-3 ). LA contraction systolic index CSI was calculated in each LA wall by the formula CSI = (PALS/PACS)*100. Three points in the LV were anchored, apex and annular hinge points in apical 4, 3 & 2 chamber views. Then, the system processed the data and after finishing tracing and auto processing of the three views, the global strain and Bull's eye report will be obtained. Peak LV Strain is the peak negative value that was obtained at or before aortic valve closure (Figs. 4 and 5).
To get values of strain rate automatically, Digital data were transferred for off-line analysis, applying the software incorporated in the Vivid Nine system (Echo PAC, GE Vingmed, Horton, Norway). Three parameters were obtained from each view, peak longitudinal systolic SR (SRLS), peak early diastolic SR (SRLE) and peak late diastolic SR (SRLA). 5 All speckle tracking measurement of both LA & LV were performed offline using dedicated software (ECHO, PAC-PC version 6.0; GE Medical Systems).
Intra-observer and inter-observer variability
Intra-observer variability was determined by repeating the offline measurement of LA strain in 10 patients on two occasions, were separated by one month apart. Inter-observer variability was determined by a comparison of speckles tracking measurement of LA in 10 patients by two cardiologists who were blinded to each other's interpretations. Variability was calcu- Figure 1 Apical 2 chamber view, shows strain curve and strain numeric values of inferior wall of LA in patient NO 6 of the SHF group with NYHA II class. A single cardiac cycle is tracked, the inferior wall of LA is divided into 3 segments (basal, mid and apical) that are color coded. PALS is the peak positive value (P), PACS is the 2nd positive value after PALS (G), and post-A is the peak negative value(s). Figure 2 Apical chamber view, demonstrates the strain curve of the septal wall of the LA in patient NO 10 of the SHF group with NYHA IV class and EF 25% (note the markedly reduced peak strain). lated as the absolute difference between the two measurements divided by the mean of the two measurements.
Statistical analysis
Using statistical package for the social science software (SPSS) version 16, data from the patients and controls were collected and were subjected to statistical analysis.
Two types of statistics were done: 1-Descriptive: e.g. mean and standard deviation SD. 2-Analytical: -A Student's t-test: It is a single test used to indicate collectively the presence of any significant difference between two groups for a normally distributed quantitative variable. B-Mann-Whitney test: It is a nonparametric test of Student's t-test. It is used to indicate collectively the presence of any significant difference between two groups for a non normally distributed quantitative variables. C-Pearson's Correlation analysis (r): It is used to show strength and direction of association between two quantitative variables. D-Spearman Correlation analysis (r): It is used to show strength and direction of association between one quantitative variable and ordinal qualitative variable. E-P value.
(The probability of error) was considered significant as in the following: significant difference if P < 0.05, non-significant difference if P > 0.05, highly significant difference if P < 0.001.
Results

Regarding demographic data
The study included forty patients with systolic heart failure, EF < 40% and NYHA class ranged from (11-1V) with mean age 64.3 ± 9.9 y, male sex represents 52.5% of them, hypertension was present in 47.5% of them, while 11patients who were diabetic were compared with twenty-five age and sex matched control group (Table 1) . 
Regarding conventional echo parameters
Left ventricular dimensions (LVEDD & LVESD), volumes (EDS & ESV)
, were significantly larger in the patient group while EF, E wave peak velocity and E/A ratio were significantly lower in the patient group in comparison to the control group (Table 2) .
LA diameter by M. Mode and volumes (Max AV, Min AV and Pre-A) were significantly larger in the SHF group.
Left atrial reservoir function parameters (LAEV & LAEF%) and conduit functions (LA PEV & LA PEF) were significantly lower in the SHF group while LA pump function was not significantly different between both groups (Table 3 ).
Regarding speckle tracking analysis
Left atrial speckle tracking: PALS, PACS, Post-A were significantly lower in all LA walls in the patient group while LA CSI was significantly higher. (Table 4) .
Left ventricular speckle tracking: global LV strain, LV systolic strain rate, early and late LV diastolic strain rates were significantly lower in the patient group when compared to the corresponding values in the control group. (Table 5 , Figs. 4-6 ).
Regarding correlation with NYHA class & LV global strain
Only reservoir function assessment by volumetric method was correlated with NYHA class, but in comparison to LA strain parameters PALS & PACS in all LA walls were significantly negatively correlated with the NYHA class (Tables 6 and 7) .
Global LV strain was positively correlated with PALS & PACS in all LA walls (Table 8) 5.5. Intra-observer and inter-observer variability
The inter-observer variability coefficient was 5.2% for PALS, 7.2% for PACS and 6.1% for Post A LA strain while the intra-observer variability coefficient was 4.4% for PALS, 6.2% for PACS and 5.8% for post A LA strain.
Discussion
The left atrium plays an important role in the overall cardiovascular performance. This is accomplished through its action as a contractile chamber during late ventricular diastole, as a reservoir during ventricular contraction and isovolumic relaxation and a conduit during the early ventricular diastole and diastases. Significant difference between patients of heart failure and control. P > 0.05: indicates insignificant difference. P < 0.05: indicates significant difference. P < 0.001: indicates highly significant difference.
In the present study, patients with systolic heart failure had significantly larger LV dimensions, volumes and lower LV global strain, LV SRLs and SRLE also higher LA diameter and volumes.
Chronically stressed LV, leads to increase the left ventricular wall tension causing remodeling and hypertrophy of the LV which lastly dilates. 12 The higher LA diameter & volumes in the SHF group can be explained by the fact that during diastole, except for the period of isovolumic relaxation, the LA chamber is exposed directly to LV diastolic pressure (which is high in heart failure patients). Because of its thin walled structure, the left atrial tends to dilate with increasing pressure. 12 Abnormally dilated LA emerges as a compensatory response complying with 
AO (aorta), LA (left atrium), IVSD (interventricular septum diastole), IVSS (inter-ventricular septum systole), LVEDD (left ventricular end diastolic diameter), LVEDS (left ventricular end systolic diameter), LVPWD (left ventricular posterior wall diameter diastol), LVPWS (left ventricular posterior wall diameter systole), EDV (end diastolic volume), ESV (end systolic volume), EF (ejection fraction), SV (strokevolume), FS (fraction shortening), E (early trans-mitral flow velocity), A (atrial trans-mitral flow velocity).
Figure 6
The strain rate curve of the anterior and inferior walls (apical two chamber view) of SHF patient, the S wave (the negative wave) representing the systolic function, the early diastolic wave, E wave (the 1st positive wave) and the late diastolic wave, A wave (the 2nd positive wave).
increased left atrial volumes which aids in preservation of cardiac output in heart failure patients. 13 In patients with DCM, atrial enlargement may also be due to concomitant atrial muscle myopathy caused by a more wide-spread primary pathologic process. 14 Recently, increased LA volume has been reported as a predictor of diminished exercise capacity in patients with heart failure. 15 Kurt et al. 16 reported that patients with EF < 50%, diastolic HF, and patients with normal EF and LV hypertrophy but not in heart failure have increased left atrium volumes.
In our study, LA reservoir function was measured by volumetric parameters (LAEF. Table 3 ) was significantly lower in the SHF group.
In patients with SHF, the LA is exposed to high LV filling pressures, thus, the LA pressure rises to maintain adequate LV filling, and the rise in wall tension contributes to its dilatation. However, gradual increase in LA dimension disturbs FrankStarling relationship, decreasing atrial compliance and increase LA stiffness with decrease in LA reservoir function. 17 In accordance with our study, a recent study was done in patients with SHF (EF < 35%), Peak LA strain was PALS (peak atrial longitudinal strain), PACS (peak atrial contraction strain), Post A (refers to LA longitudinal strain at end of atrial contraction), CSI (contraction systolic index, representing, in percentual values, the contribution of the LA active contraction to the LV filling phase).
significantly lower in patients with SHF compared to normal subjects (39.6 ± 10.6 versus 8.2 ± 5.3%, P < 0.000).
18
Concerning LA conduit function, the present results showed significantly lower LA conduit function in the patient group evidenced by highly significant reduction of LA PEF & higher LA PEV (Table 3 ) also, there was significant reduction in PACS in all LA walls (Table 4) . This can be explained by the decrease in the LV filling rate early in congestive heart failure patients due to elevated LV end diastolic pressures that reduce the early diastolic left atrial -left ventricular pressure gradient and thus, decreasing conduit function. 19 Same results were obtained by Bilen et al. 20 who demonstrated impaired LA conduit function assessed by volumetric parameters in heart failure patients with preserved or reduced ejection fractions.
As regards left atrial systolic function, assessed by volumetric method there was a significant reduction in LAAEF in SHF, while there was no significant difference between both groups in LAAEV (Table 3) .
Strain parameters showed a significantly lower LA systolic function in the SHF group proved by several LA strain parameters; PACS, post-A and CSI in all atrial walls (Table 4) . Table 5 Comparison between LV Global strain and strain rate parameters in patients with heart failure and controls. It is likely that intrinsic problems with LA myocardial contractility as LA ischemia or fibrosis may play a role, 21 and may be also mediated by increased work load imposed on the left atrial myocardium due to increased left ventricular diastolic stress which overtime, may lead to intrinsic left atrial dysfunction and gradual decrease in LA contribution in LV filling. 22 Similar results were obtained by Kurt et al. 23 who demonstrated that there was a decrease in LA systolic function measured by strain. Strain rate and volumetric parameters in heart failure patient groups with reduced or preserved ejection fractions.
Heart failures were associated with the progressive conversion of the LA function from a storage and contractile chamber to a more passive-conduit chamber. 24 It is likely that intrinsic alterations of LA myocardial contractility play an important role. However, it is not clear that these myopathic changes happen firstly or occur lately as a consequence of LA dilatation and myofibrils stretching. 24 As regards correlation with NYHA class and LV global strain, the current study showed that PALS and PACS (in all LA walls) were negatively correlated with NYHA class, also, the global LV strain was positively correlated with PALS & PACS in all LA walls while only reservoir function assessment by volumetric method was correlated with NYHA class.
Bilen et al. 20 demonstrated a significant negative correlation between NYHA, LA reservoir and pump functions (LAEF and LAAEF) but was not correlated significantly with conduit function. 25 Russo et al. 26 demonstrated that LV longitudinal strain as a measurement of LV systolic function was the strongest predictor of LA reservoir function.
Cameli et al. 27 found that global PALS progressively decreased with the augmentation of LV filling pressures and there was a strong correlation between global PALS and pulmonary capillary wedge pressure. And it is well known that invasive capillary wedge pressure (PCWP) measurement, a surrogate for LV filling pressures, is directly associated with functional capacity and prognosis in patients with heart failure. 27 
Conclusion
In patients with SHF, LA reservoir, Conduit, and booster pump functions were significantly reduced. However, PALS and PACS correlated negatively with symptoms of heart failure (NYHA class) and positively with LV global longitudinal strain.
Limitations
There are some limitations of the present study. First, our findings are based on a relatively small number of patients. Second, we use the LV software for calculation of LA strain parameters as until now there is no available specific atrial software. Third, the duration from the start of SHF to the examination is not constant and the effect of the SHF duration on LA changes is not evaluated.
Clinical implications
Strain imaging assess the LA mechanical function directly and not indirectly as the volumetric method and this can throw light on the mechanism of LA affection and discover early disease affection and progression. Therefore, the noninvasive assessment of LA longitudinal deformation may add incremental information to LA size for predicting atrial fibrillation occurrence or response to therapy.
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